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ABSTRACT
A study was done to determine the converging distance of two axisymmetric
turbulent jets and to compare the experimental results with the Reichardt hypothesis.
This experiment consisted of measuring the velocity profiles of the two jets and
manipulating the momentum ratio between the jets. Through testing, it was determined
that the Reichardt hypothesis while efficient, over predicts the converging distance of
the jets by up to 25% in some cases.
An Acoustic Doppler Velocimeter (ADV) was used to take measurements across
the path of the jets and monitored the velocity and the turbulent kinetic energy. After
observing the velocity profiles, I was able to distinguish a range at which the jets had
converged.
Utilizing stepper motor technology, a total of 6064 data points were collected
with each point requiring a two minute sampling time and one minute delay resulting in
303 hours of data collection. By using the stepper motors, the setup required 26 hours
of time for setting the next stage of the experiment, approximately 8% of the total time
requirement.
While errors did occur, as discussed in section 3.3, the setup is valuable in terms
of the potential quality and amount of data that can be retrieved. Recommendations for
future work are considered and listed based off of the experience of the researchers.
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CHAPTER 1
INTRODUCTION
1.1 Turbulent Jets
A jet is the flow formed by the continuous release of fluid into an ambient fluid
of the same density. If the Reynolds number, based on the nozzle diameter and velocity,
is greater than 2000 the jet is considered turbulent [1, pg. 21]. As the entering jet fluid
moves through the ambient, there is a shear layer at the edge of the jet which results in
entrainment of surrounding fluid into the jet.
If no net force, such as a buoyancy force, is acting on the jet, then the
momentum flux is conserved at all points in the jet downstream of the nozzle. That is:
∞

ρ M = ρ M 0 = ∫ ρ v 2 2π rdr

1.1

0

where M is the specific momentum flux, M o is the source specific momentum flux, v is
the time averaged velocity in the direction of flow and r is a radial coordinate centered
on the jet axis V is the mean jet velocity and b the jet radius.
The volume flux in the jet increases due to the entrainment of ambient fluid and
is given by:.
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∞

Q = ∫ v 2π rdr = V π b 2

1.2

0

Dimensional analysis suggests that the jet radius is only a function of the axial distance
( x ) from the source. The radius is a linear function of x :

b = c2 x ,
which is observed experimentally [2]. This linear relationship, combined with
conservation of momentum implies that the flow rate also increases linearly with
distance from the source:

Q = c3 x
This also implies that the velocity decreases with increasing distance from the source. .
As the jet continues downstream, and entrains more fluid, the velocity profile becomes
flatter. Figure 1.1 shows the progression of the jet with the outside hidden lines
representing the jet radius.

Figure 1.1: Turbulent Jet Schematic
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The label v indicates the time-averaged velocity in the jet at the centerline. As
the jet progresses downstream, this speed decreases as the entire velocity profile
increases in size. The label ve represents the entrainment velocity. This is the rate at
which the surrounding fluid enters the jet. As the jet grows in mass, momentum flux is
conserved and therefore the velocity decreases.
For a turbulent jet, the velocity will vary in time and space. Therefore, the
instantaneous velocity is often represented at any point by the sum of the time
averaged velocity and a time varying fluctuation:

v ( x, y , z , t ) = v + v '
Where

1.3

v( x, y, z, t ) represents the instantaneous velocity at any point v

the time averaged velocity and

v'

represents

represents the instantaneous fluctuation due to the

turbulence in the jet.
Although the time average of the velocity fluctuation v ' is zero, the same is not
true of the average of the square of the velocity fluctuations; the turbulent kinetic
energy is given by:

TKE =

ρ
2

(u ' + v ' + w ' )
2

2

3

2

1.4

1.2 Diffusers and Merging Jets
Wastewater treatment plants use diffusers underwater to mix effluent with the
surrounding oxygen-rich water. Due to conservation of mass, if the effluent
concentration is multiplied by the volume flux, it will result in a mass flow rate which
must be constant. However, since the volume flux is increasing due to entrainment, the
effluent concentration must decrease as a result. Because of the fluid entrainment and
turbulence of the jet, diffusers are effective at diluting the effluent for the final process
of a wastewater treatment plant. However, as more loading is placed on the treatment
plant, more diffusers are needed to distribute the effluent.
It is therefore important to understand how multiple jets issuing from a diffuser
interact. Although there is a long standing theoretical model (the Reichardt Hypothesis)
this model has not been adequately tested experimentally.
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Figure 1.2: Schematic diagram of two parallel axisymmetric turbulent jets.

1.3 Problem definition
For this study, the velocities and turbulent kinetic energy profiles will be
measured for pairs of turbulent circular jets issuing from identical nozzles. From the
profiles obtained, the separation between the two peaks of the jets will be determined
as they move downstream. The ratio of momentum flux between the two jets will be
varied to determine the trend for this change. The measurements will then be
compared to the Reichardt hypothesis.
The relative strength of the jets will be characterized in terms of the ratio of the
jets specific momentum flux m, given by the following equation:
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 Q1 
M
m = 1o =  O 
M 2 o  Q2O 

2

 Q1O

A
= N
 Q1O

 AN

2



2
 = V1O
2
2
 V2O



1.5

where the subscript o indicates a source condition. The parameter m is defined such
that the jet with the larger momentum flux is jet two. These values all correspond to the
conditions at the jet nozzles. Therefore, by definition:

0 < m ≤1
Results will be presented, wherever possible, in non-dimensional form. For this study all
lengths will be scaled on the axial separation of the jets.
The goal of this study is to measure the merging distance for two parallel jets. This is
defined as the distance at which there is only one peak in the measured velocity profile;
see Figure 2.1 for a schematic of this definition.
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Figure 1.3: Schematic diagram showing the merging jets with a single velocity peak at the
downstream merging distance (xm).

Dimensional analysis indicates that the merging distance scaled on the nozzle
axis separation will be a function of the jet Reynolds number, the ratio of the source
diameter to the nozzle separation and the ratio of the source momentum fluxes. That is,

xn
D

= f  Re, m, 
G
G

This thesis examines the role of the momentum flux ratio m on the merging distance.
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Evidence from this study will be presented in the form of velocity profiles that
show the tendency in the peaks of the velocity profiles of each jet to move toward each
other. The problem considered in this thesis is the interaction of two parallel turbulent
axisymmetric jets in close proximity. In chapter 2, I review previously published studies
on this problem. The experimental setup is described in chapter 3 and the results in
chapter 4. Conclusions and suggestions for future work are presented in chapter 5.
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CHAPTER 2
LITERATURE REVIEW AND PROBLEM DEFINITION
2.1 Literature review
There have been numerous studies of axisymmetric turbulent jets, see for
example [2], and a review of the main findings [1]. However, there has been very little
work on the interaction of parallel axisymmetric turbulent jets. The main theory for such
flows is the Reichardt Hypothesis [3,4] which states that the mean velocity profiles can
be obtained by summing the local specific momentum flux profiles, that is profiles of

v 2 . Based on this hypothesis it is possible to calculate the mean velocity profile in the
plane of symmetry for two equal axisymmetric turbulent jets as:

2

v
=e
2
vmax

−

2( z − G /2 )

2

+e

b2

−

2( z + G /2 )
b2

2

2.1

where G is the gap width between the jet sources as defined in Figure 1.2 and vmax is
the centerline velocity of the jet with the larger momentum flux. However, this model
does not account for the drawing together of the jets due to the ambient entrainment
velocity field. This drawing together has been shown to be a significant factor in the
merging of turbulent plumes [5] and the goal of this experiment is to investigate this for
turbulent jets.
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For equal jets, the Reichardt hypothesis predicts that the jets will be merged
(there will be a single peak in the velocity profile) at a distance equal to 9 times the
source separation (assuming that the source diameter is small compared to the initial
separation distance). However, it has been shown [5] that for turbulent plumes the
predicted merger distance (based on the mean buoyancy profile having a single peak)
over predicts the merger point by approximately 60%. This difference was attributed to
the drawing together of the plumes due to entrainment. There have been various
studies of parallel jets looking at both slot (or line) jets [6] and axisymmetric jets [7,8].
A study of two planar jets in air [6] showed that the centerlines of each jet had a
tendency to move toward each other until they merged forming a single jet. The authors
also found a recirculation region near the jet nozzles. This is due to the two planar jets
entraining the finite volume of fluid trapped between them drawing the jets together.
Since the experiments in this study will be conducted with circular jets, it is expected
that the tendency will not be as dramatic as the planar jets because of fluid moving from
the sides; however, if dual planar turbulent jet centerlines show an attraction, it is likely
this will also occur for circular jets.
A similar problem is that of a jet above a solid surface. The presence of the solid
surface creates a low pressure between the wall and the jet drawing the jet down. The
wall also suppresses the entrainment drawing the jet toward the wall [9]. In their paper,
a circular jet was mounted on a plane close to a solid surface. In the flow fields, it is
apparent that the jet centerline moved toward the solid surface with downstream
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distance from the source. The flow field also changed from a circular profile to an
elongated ellipse shaped field. There are very few reported studies on parallel
axisymmetric jets.
A study of the flow fields at different separations in ambient air from two circular
turbulent jets [7] found that for all spacing’s, the jets merged at a constant distance
away from the wall. While the findings reinforce the notion of merging jets, it seems
unlikely that for any given spacing between two jets that the merging point would be
the same. It should be noted also that the spacing’s used in this study were 2.29, 2.66,
and 3.03 diameters. At these smaller spacing’s, it is possible that the converging
distance change was unnoticed.
A further study [9] presented measurements for the flow field characteristics
between twin circular jets. They observed the jets starting out as separate entities and
then interacting with each other as they flowed downstream. Eventually, their setup
showed a single merged jet. All of the velocity and turbulent kinetic energy profiles
showed symmetry about the center of the two jets. No systematic study of the merging
distance was presented.
All the above studies measured only considered equal parallel jets. Throughout
the literature there is no systematic study of the merging process for unequal turbulent
jets.
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CHAPTER 3
EXPERIMENTAL SETUP AND MEASUREMENTS
3.1 Experimental Equipment and Setup
A series of experiments were performed in a large tank with two round turbulent
jets. The jets were formed by draining water from a constant head tank into two
separate nozzles. The measurements were made using an Acoustic Doppler
Velocimeter, capable of measuring all three components of velocity, mounted on a
traverse capable of moving the probe head in all three Cartesian coordinates.
In order to get the best data possible, the experimental setup was designed to
reduce outside influences on the jets. Such influences can distort the velocity profiles of
the jets and therefore alter the recorded data. To prevent this, the jets were introduced
into a large tank to reduce the impact of external disturbances including waves and
background recirculation.
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Figure 3.1: Experimental Setup

The main tank (1) used was 3.05 meters by 3.05 meters by 1.22 meters deep.
With this large volume, it was possible to neglect any ambient water movement due to
recirculation. If the tank had been too small, the movement of the water would distort
the velocity profiles of the jets, therefore, the tank needed to be large.
Water was pumped by two ½ horsepower sump pumps (2). These were placed
inside the tank in order to collect the particulate matter that was suspended in the
water. This seeding material will be discussed later. The pumps would then send the
water through hoses (3) to the constant head tank (5).
The constant head tank was designed to allow a consistent head to be
introduced to the jets. The pumps would push water into this tank to a certain level
where excess would drain back into the main tank to be pumped once again. These
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return lines (4) drained the water toward the rear of the tank so it would not influence
the incoming jets. This allowed a constant head to be maintained without manipulating
the output of the pumps.
Originally, the experiment used flow meters (6) to adjust the flow rate. However,
due to the smaller diameter of the flow meter tubes, particulate matter started to clog
them. This resulted in a continuously decreasing flow rate over time. Large flow meters
could be used in the future eliminate this problem. Instead of the flow meters, the
experiment used different lengths of tubing that were not affected by the particulate
matter, and so the ratio of the momentum fluxes could be altered.
The two jet nozzles shown (7) were made out of solid aluminum and tapped into
a removable Plexiglas panel on the side of the large tank. The panel had been precut to
allow the placement of the jets. A photograph of the experimental setup is shown in
Figure 3.2.
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Figure 3.2 Photograph of the experimental setup showing the jet nozzles, instrumentation cart
with stepper motors and flow rate meters (later removed from the experimental setup).

The time-averaged velocity in the jet at each point was measured by taking 3,000
velocity measurements at a frequency of 25 Hz using the ADV and averaging the
resulting sample. The sampling rate was chosen based on analysis done during previous
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measurements of jets made in the same tank [10]. This results in a two minute data
collection period. A full velocity profile consisted of average velocity measurements at
175 stations in the vertical plane normal to the jet axis. The velocity was measured
every 1.6 millimeters along the profile and up to 38.1 centimeters (15 inches) away from
the jets. This was chosen because it is one gap distance beyond the expected converging
distance predicted by Reichardt. Upon reaching each station, the setup would delay for
one minute to allow any displacement of the water by the setup movement to return to
steady state.
The device used to take the measurements was a Sontek 10 MHz Acoustic
Doppler Velocimeter (ADV). This device could be submerged into the tank and take
measurements at 25 hertz. The ADV operates by measuring the Doppler flight of sound
waves reflecting off particles in the flow. Without seeding material, the sound waves
would have nothing to rebound from. In the initial stages, the ADV did not present
reliable data; it appeared noisy. However, after the addition of more than 2 pounds of
glass spheres, the water became sufficiently saturated with seeding material that the
ADV had a high signal to noise ratio. The glass spheres are neutrally buoyant and have
diameters on the order of micrometers.
The ADV was mounted to a cart that could be maneuvered using threaded rods.
As it turned, the axes on the cart would move the ADV. By attaching stepper motors
directly to the threaded rods, multiple revolutions of the motors would move the ADV
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to new positions. One motor controlled the position of the ADV parallel to the plane of
the jets (z-axis), while the other motors controlled the position perpendicular or away
from the plane of the jets and the position perpendicular to the plane of symmetry
between the two jets (x-axis). Stepper motors are designed to produce a high
performance of accuracy in movement. Each motor was capable of moving two
thousand steps in one revolution or 0.18 degrees; one full revolution of the motor then
produces a movement of the probe by 1.6 millimeters. It was therefore possible to
locate the ADV probe head with high degree of accuracy and consistency. With the
position consistency problem solved, it was necessary to have the ADV and the stepper
motors work in harmony so that the experiment could run automatically.
The Sontek ADV has its own computer software and data processing system that
cannot be run directly with any other system. In fact, the ADV is designed for use at one
particular point and to be left in a single place. In this experiment, the ADV had to be
used at multiple points. Therefore, the basic method to collect data would be to direct
the stepper motors to one position, activate the ADV, retrieve the data and then repeat
this process again.
In order to conserve time and eliminate human factors, an automated system
was used where the input of an experimenter was recorded and looped. So the
experimenter could demonstrate to the computer the basic process of mouse
movement and keyboard input and then the computer would repeat the same steps.
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This was done with the Mouse and Key Recorder 6.1 by Kra-Tronic Corp. By looping the
same sequence over 175 times, a full profile could be obtained without the need for
direct human input until the next profile needed to be taken. The setup time required
before each new profile was taken was approximately 10 minutes. This was followed by
9 hours of automated data collection (2 minutes sampling and 1 minute delay for each
of the 175 stations).
The stepper motor system relies on the cooperation of a few different
electronics in order to function correctly. Starting at the computer, a special controller
card is needed to send out commands to the motors. This card requires significant
processing power, so a higher speed computer was needed. The next stage is a relay box
to transmit commands from the computer to the motors.
Using a high quality cable, the card is connected to a screw terminal box. This
box is responsible for communicating direction and distance for the motors to travel.
When it receives the commands sent from the computer, it filters the computer
commands into basic electric signals. Since it is a screw terminal system, all the outputs
and inputs are direct current (DC). This signal travels then to the drivers.
The stepper motor drivers accept the signal from the relay box and transmit
electric pulses to the stepper motors. These pulses correspond to the direction of
movement and the number of steps for the motors to move. One revolution is
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equivalent to 2000 steps. Therefore one revolution requires 2000 electric pulses to
move. The wiring from the motors feeds directly into the stepper motors.
Stepper motors are highly accurate mechatronic devices that only move certain
distances when commanded to. Other motors tend to run at a certain preset speed;
stepper motors move only at certain preset amounts. Due to their small size and power,
they are not able to move heavy loads. In order to combat this restriction, reduction of
friction and efficient placements of the motors are required. For this setup, the motors
directly rotated threaded rods to move the cart and the ADV to different places.
Because of the low torques, the stepper motor could not directly push the cart from one
point to the next. However, the threaded rods minimized the moment arm and so the
stepper motor was able to carry out its tasks without significant difficulty.
Problems with the stepper motors can be avoided by previously determining the
amount of torque required and the distance the motors will have to travel. Screw drives
are the most efficient method that was found for moving these loads. The other
consideration is the rate at which the motor moves. At some points, the motor has to
accept several thousand pulses from the drives. Therefore, there is a possibility that
some pulses will be lost through the wiring and then the motors will not move where
they are supposed to. This can be combated by reducing the speed of the motors so
that the pulses from the drive are spread out in time.
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3.2 Data Analysis
Upon collection of the data, software provided by Sontek allowed detailed data
processing and display. The WinADV program was used for this process. WinADV is able
to take the electronic signals from the ADV and convert them into usable data. From
WinADV, variables such as the velocities in the x, y, and z-direction are presented. It also
calculates the root-mean-square for the fluctuating velocity of the jets. After converting
the ADV signals to numerical measurements, Microsoft Excel could then be used to
graph the data.
During the experimental processing stage, it was found that the data collected
appeared noisy (see Figure 3.3). That is, the velocity curves did not follow the smooth
trend that was expected. To counter this, a moving 7-point average along the data was
applied which reduced the noise (see Figure 3.4). The 7-point average was chosen
because it was the lowest number to found smooth the data.
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Figure 3.3: Raw velocity profile sample, Vx (m=0.91, X=10.16cm)
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Figure 3.4: Smoothed (spatially averaged) velocity profile , Vx (m=0.91, X=10.16cm)
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The raw data in Figure 3.3 and the smoothed data in Figure 3.4, clearly shows
the two velocity peaks for the two jets. As the jets flow downstream they grow radially
and merge, hence the non-zero velocity on the centerline.
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Figure 3.5: Velocity Profile Sample, Vy (m=0.91, X=10.16cm)

Figure 3.5 shows the mean velocity normal to the plane of symmetry. One would
expect that along the plane of symmetry the transverse velocity would be zero, though
this is clearly not what was measured. Two possible explanations for this include the
ADV head being slight offset from the plane of symmetry, or there is a net low velocity
circulation in the tank.
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Figure 3.6: Velocity Profile Sample, Vz (m=0.91, X=10.16cm)

For the velocity in the z-direction (vertical velocity in the plane of the jets),
Figure 3.6 shows the entrainment velocity moving toward the center of the jets. On the
negative side, the velocity is positive, or up, whereas on the positive side the velocity is
negative, or down. . As the ADV passes through the center between the jets, the velocity
approaches zero indicating a pull by both of the jets.
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Figure 3.7: Signal to Noise Ratio Sample (SNR) (m=0.91, X=10.16cm)

The signal to noise ratio (SNR) is an indicator of the quality of the data and is
strongly influenced by the quantity of particulate matter in the water. During the
collection process, this particulate matter will slowly settle resulting in lower SNR
values. As the SNR approaches zero, the quality of the data deteriorates. Figure 3.7
shows the SNR for each data point over a 9 hour time period. As long as the SNR is
above 10, the data quality is regarded as good. Figure 3.7 clearly shows that the SNR is a
function of the time due to the particulate matter settling.
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Figure 3.8: Correlation Sample (CORR) (m=0.91, X=10.16cm)

Another measure of the data quality is the correlation, CORR. The correlation
score helps measure the accuracy of the data. As the probe passes through the higher
velocities regions of the jets, the CORR score decreases. As the value gets smaller, the
data quality becomes worse.
3.3 Experimental errors
The experiment had to be modified as experimentation continued as the system
was observed and new sources of error were identified. As the testing continued, there
were numerous modifications to the setup. The following describes the problems
encountered and the solutions that were employed and the reasoning for the change.
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The first difficulty was with the flow rates of the jets from the constant head
tank. The small diameter of the tubes created a large head loss. This resulted in an
experimental flow rate that was significantly less than anticipated. This was partially
corrected by using much larger diameter tubing from the head tank to the jets. It is
recommended that future experimenters use the larger diameter tubes as much as
possible. This also helps with clogging of the tubing as referenced previously.
Initially, the Acoustic Doppler Velocimeter (ADV) was not in place. A pitot tube
connected to a pressure sensor was first used to measure the velocity fields in the tank.
Due to the particulate matter inside the tank, the pitot tube was subject to clogging and
also the presence of air bubbles since the tank was not filled with distilled water. This
could be overcome by allowing the tank to settle over several days and then filling the
pitot tube with distilled water. With the distilled water, the bubbles would no longer be
in the system. Despite these precautions there was still drift in the calibration that could
not be eliminated.
The next problem encountered was with the amplifier connected to the pressure
transducer. The electricity used to power the motors and the computer runs on
alternating current (AC) which creates a sinusoidal wave. Averaged over time however,
this would average out to zero. While the amplifier did pick up the AC current from the
stepper motors, the signal would begin drifting towards higher voltages over time, even
with the motors disconnected. This problem was never solved, though it was
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hypothesized that the equipment was too old and therefore subject to strange
occurrences. At this point, the ADV became available, and use of the pitot tube was
discontinued.
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Figure 3.9: Sample graph of correlation score as a function of the velocity (m=0.91,
X=10.16cm)

Figure 3.9 shows how the correlation score from the ADV relates to the speed of
the jets. For larger speeds, the correlation score decreases indicating less accuracy. It is
clear from the graph that the two variables are closely related. For minimal velocities,
the correlation score approaches 100. This lower correlation score for higher velocities
is one possible explanation for the noise observed in the velocity profiles.
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Figure 3.10: Sample graph of 95% confidence range for Vx (m=0.91, X=10.16cm)

Another way of quantifying the data quality is to calculate the 95% confidence
interval for the velocity. The confidence interval is a function of the standard deviation
of the 3000 samples taken at each station. A plot of this interval is shown in Figure 3.10.
As the velocity increased, the range of velocities for the ADV increased as well. This
graph demonstrates that for higher velocities, the ADV predicted a 95% confidence
range of 1.8 cm/s. This helps to explain the noisy behavior of the unfiltered profiles.
With the ADV in place, measurements were started. However, it was noticed
that the quality of the data was low. In fact, in one instance, the quality was so low that
the velocity profile simply oscillated at random. The experiment was adjusted to include
higher levels of seeding material. When the proper level of particulate matter was
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added, the data quality increased significantly. Increasingly higher quantities of seeding
material were mixed into the tank until the quality was considered sufficient. The
material would settle over time and therefore would need to be stirred at least once a
day to maintain quality of data. When this implementation was done, the noisy data
was reduced significantly. Further reduction in the noise in the data was achieved by
employing a seven point rolling average. By using this quick calculation, the data was
then smooth as was predicted. It may also be possible to take longer term
measurements and filter out poor data points.
With all the particulate matter in the tank, it was only a matter of time until it
clumped together. The rust from pieces of metal and the particulate matter all started
to clog the tubing connecting the constant head tank to the jets. This meant that over
time, the flow rates would reduce and thereby distort the data. With a data acquisition
time of ½ of a day to a full day, the reduction of flow rate was a major concern. In one
day, the flow rate reduced by 0.5 liters per minute, approximately 6%. The clogs could
not be stopped as the ADV required the seeding material in order to function. At this
point, the experiment was adjusted to eliminate the flow meters causing the problem as
referenced in chapter 2. If digital flow rate meters with large diameter piping were used,
this problem could be reduced significantly.
The success of the computer macro also has a drawback in that it depends on
the programs and windows to be in the exact same place for each set of data collection.
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Now this is not initially a problem with two or even three programs running as long as
they are started at the same time and the windows are maximized. The problem arises
when the macro recorded does not have the windows initially maximized. This would
mean that the windows would have to be moved and sized into perfect position.
Therefore, the best course of action is to maximize them immediately.
To go further, this also means that once the computer is set to take data, there is
nothing else that the experimenter can do with the experimenting computer, it must be
left alone and untouched until complete or when the experimenter wishes to stop it
prematurely. This problem might be overcome with a more powerful macro that does
not require the mouse itself, but could push buttons in the background. A more
powerful computer may also be necessary. One way that this problem was solved was
to have a separate computer connect to the experimenting computer by the internet,
and transfer the completed files in the background. The second computer could then be
used to analyze the completed data while the data acquisition continued.
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Figure 3.11: Overlay of two m=0.91 full velocity profiles
The data recorded by the ADV shows consistent flow fields except for some of the
further sections from the nozzles. This indicates that the ADV is sensitive for the lower velocities
and therefore causing the differences in the profiles. The variations also correspond to the lower
correlation and lower SNR regions of the profiles. Adjustments to the setup are discussed in
Chapter 5.
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CHAPTER 4
EXPERIMENTAL RESULTS AND DISCUSSION
As stated in Chapter 2, the goal of this thesis is to measure the velocity profile
for two parallel jets along the vertical plane of symmetry (X-Z Plane) and to compare
them to the prediction of Reichardt [3,4]. For unequal jets the sum of the specific
momentum flux profiles is given by:

−
v2
=
e
2
vmax

2( r − G / 2 )
b2

2

+ me

−

2( r + G / 2 )
b2

2

4.1

where m is the jet source momentum flux ratio and Vmax is the peak centerline velocity
for the stronger jet at any given distance from the nozzles. A plot of this equation for
m=1 is shown in Figure 4.1. Clearly, without any drawing together of the jets, they
eventually grow into each other forming a single jet.
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Figure 4.1: Reichardt Prediction for m = 1

4.1 Velocity Profiles
In the following charts, the time-averaged velocities at each station are divided
by the local maximum velocity along each profile. The ratio is then multiplied by five for
higher resolution on the charts. Vertical lines show the projected centerlines of the two
jets.

Because of the inability to measure the m value at the source due to clogging of
the flow meters, momentum flux ratio of the two jets was calculated based on the
centerline velocities at the closest distance to the nozzle. The lower of the two jet
velocities was taken, squared, and divided by the square of the higher velocity.
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Velocity profiles across the two jets were measured for five different values of m
at seven locations along the x-axis from the source. These profiles are shown in Figures
4.2-4.6. The velocity is scaled on the local peak velocity (and multiplied by 5 to give
greater resolution). The lines are the expected radial growth rates of the individual jets
assuming point source jets.
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Figure 4.2: Velocity profiles for m=0.53. Profile offset by their distance from the source and
scaled on the peak profile velocity.
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Figure 4.3: Velocity profiles for m=0.67
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Figure 4.4: Velocity profiles for m=0.84
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Figure 4.5: Velocity profiles for m=0.91

A number of points should be made about the presented profiles. First, in the
near field the velocity profiles appear to be approximately Gaussian, and the radial
growth rate is as expected. Second, further from the nozzles the velocity profiles merge
and there is only a single velocity peak. Finally, in the far field, the 7-point rolling
averaged data is not very smooth. This is partly due to the fact that the velocities being
measured are smaller than the near field velocities and are more prone to be influenced
by any background circulation in the tank.
As stated earlier, one of the goals is to compare the velocity profile
measurements with those predicted by Reichardt. To that end, the scaled velocity
profiles overlaid with the prediction based on Reichardt’s hypothesis shown in Figures
4.7-4.10. Although the shape is reasonable, the experimental data has a greater lateral
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spread. This is most likely due to the assumption that the jet nozzles can be treated as
point sources. However, there is likely to be a virtual origin offset due to the finite
diameter of the nozzles. Therefore, the virtual downstream distance from the origin
would be greater than the distance from the wall and the predicted profiles would be
wider. The virtual origin of a turbulent jet is a function of the nozzle geometry, the
Reynolds number and the length of the potential core. Therefore, the evaluation of a
virtual origin offset is beyond the scope of this thesis.
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Figure 4.6: Comparison of Reichardt versus Experimental Data for m=0.53 at 10.16 cm

37

m=0.67 at 10.16 cm
16

14

12

Distance from nozzles (cm)

10
Reichardt Prediction
m=0.66
Projected Centerline
Projected Centerline

8

6

4

2

0
-6

-4

-2

0

2

4

6

Distance from center (cm)

Figure 4.7: Comparison of Reichardt versus Experimental Data for m=0.67 at 10.16 cm
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Figure 4.8: Comparison of Reichardt versus Experimental Data for m=0.84 at 10.16 cm
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Figure 4.9: Comparison of Reichardt versus Experimental Data for m=0.91 at 10.16 cm

From Figures 4.7-4.10, it can be seen that the Reichardt prediction makes
a reasonable estimate of the distance between the jets. These graphs also show that the
jets are merging faster in the region between the flow fields. So the data shows that
there is additional flow in between the jets which the Reichardt prediction does not
account for. This result was consistent for subsequent profiles.
4.2 Turbulence Statistics
Figures 4.11 – 4.15 show the turbulent kinetic energy of the jets at each of the
profile sections downstream. Referring back to the equation for velocity, the
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v'

term

represents the turbulence of the jets and fluctuates with time. In order to see how
dramatic the turbulence is the RMS of the velocity fluctuations is plotted..

RMS (v' ) = v' 2
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Figure 4.10: Turbulent Kinetic Energy profile for m=0.53 offset by the distance from the nozzle.
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Figure 4.11: Tubulent Kinetic Energy profile for m=0.67
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Figure 4.12: Turbulent Kinetic Energy profile for m=0.84
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Figure 4.13: Turbulent Kinetic Energy profile for m=0.91

Although some previous studies observe a peak in the turbulent kinetic energy
off center of the jet [2], this was not observed in the experiments. This is possibly due to
the spatial resolution of the measurements.
4.3 Merging Distance
In order to quantify the merging distance for each momentum flux ratio, the
velocity profile closest to the nozzle that showed only a single peak was recorded. This
was done by eye as the noise in the data made a numerical search unfeasible. A plot of
the merging distance scaled on the nozzle gap width against momentum flux ratio m is
shown in Figure 4.16. The error bars are based on the stream wise distance between the
profiles as this is the spatial resolution of the measurement. The error bars are only
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below the measured points as the points represent the first profile measured with only
a single peak. The merging point must therefore be before this. Many of the points are
at the same distance from the source. Again, this is due to the spatial resolution of the
measurements.
The solid line plotted is the merging distance predicted by the Reichardt
hypothesis [3,4], This line was calculated by doing a numeric search of the velocity
profile equation looking for the first and second derivatives being equal to zero (see [5]
for more details). With one exception, the Reichardt hypothesis over predicts the
distance to the merging point suggesting that the jets do in fact draw together just as
was observed for plumes [5].
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Figure 4.14: Graph of Reichardt prediction for convergence and experimental results

Due to the incremental range, there is an error range shown on the graph. It was
decided to show points on the graph where it was obvious that the jet had converged.
The error range represents the distance to the next velocity profile where the jets had
not converged yet. Therefore, further research may better determine the actual location
of this convergence. It is apparent though that the points for m > 0.67, the merging
distance is less than the predicted value.
To gain more insight into the merging process, the distance between the peaks
in the velocity profile was measured. Due to the noise in the data, the only profiles
measured were closer to the jet. This separation scaled on the initial centerline gap

44

against stream wise distance (also scaled on the gap width) was plotted. This data is
shown in Figure 4.17. The solid line is the Reichardt prediction for the gap width for
equal jets.
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Figure 4.15: Graph of Reichardt convergence prediction versus experimental results

This graph shows that the experimental data is tending to merge faster than the
Reichardt prediction. As the jets progress downstream, the gap in between the jets falls
faster. Due to the spatial accuracy of the experiment along the x-axis, it is impossible to
determine an exact position where the separation distance is zero. However, it does
appear that Reichardt’s prediction of 9.1 gap widths downstream is an overestimate.
Again, this is most likely due to drawing together of the jets due to the ambient
entrainment field.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
An experimental study was conducted to examine how two circular parallel jets
merge to form a single jet. The ratio of the momentum flux was changed to determine a
relationship between the ratio of the jet momentum fluxes and the merging distance
from the source. The results indicate that the existing model for the process (the
Reichardt hypothesis) significantly overestimates the merging distance. By employing
stepper motor and ADV technology, velocity profiles were measured and the profile
peak separation and merging distance could be calculated.
Initial graphs showed that the jets behaved normally and grew in size linearly as
the distance from the nozzles increased. Upon analyzing the data, it appeared that the
separation of the jets did not change until the respective centerlines were influenced by
the other. The spatial resolution of the measurements did not allow the development of
a clear relationship between the momentum flux ratio and the merging point. However,
it is clear that the Reichardt Hypothesis overestimates the merging distance for twin
circular jets.
The data collected indicates that the Reichardt hypothesis over predicts the
actual merging point of the jets. The trend in the peak to peak separation as it moves
downstream is consistent with the shape of the Reichardt prediction. Based on the data
collected and analysis of how jets normally behave, it is believed that the experiment is
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an accurate representation of jet convergence. The measurements suggest that using
the Reichardt hypothesis to predict the merging distance will over predict this distance
by up to 30% (see Figure 4.16).
From this experiment, it was found that the stepper motors help automate the
data acquisition process. Through observations of the motors, it is clear that they are
systems of high reliability and worthy of investigating for future research opportunities.
While the initial setup appears daunting, the final experimental rig is well worth the
time, effort, and capital required; the system in place will be used for several years after
this experiment.
It was learned through adjustments and referring to previous experiments that
the noise observed in the experiment may be overcome or reduced. Some suggestions
for improvement include the following recommendations. In order to keep the signal-tonoise ratio high, the particulate matter must be continuously suspended. A way to keep
this parameter in place would be to have small pumps recirculate the water at the
bottom of the tank. This would return the settled particles back to the water and
maintain the high SNR. A way needs to be found that can achieve this without
interfering with the jet flow.
The AC current drawn by the motors does show up in the data acquisition. While
the impact is slight as the AC wave will be averaged out over time, it is still possible to
see the wave in the incoming voltages. Better insulated wiring would help in alleviating

47

this problem, though the possibility of completely eliminating it is low. Another
possibility would be to deactivate the power supply to the motors while the probe is
collecting data, though the constant power on and off could take a toll on the system. A
capacitor could also help with this issue; the capacitor would allow power to gradually
reduce to the motors instead of an immediate shutoff.
Another method to improve the data would be to increase the strength of the
jets themselves. The data showed a maximum flow rate of 12.5 liters per minute. If this
flow could be significantly increased, the jets could be better observed as the velocities
would be higher and any background flow in the tank would be less significant.
To further the knowledge on the convergence of jets, there are several other
parameters that may be varied to manipulate the problem. The initial spacing between
the jets could be an easy variable to adjust. The size of the jet nozzles could also be
adjusted with the Reynolds numbers equivalent. If possible, the angle between the jets
could be changed as well. There is plenty of opportunity to modify this experiment. By
performing these changes, there will be better understanding on how turbulent jets
function as they interact with each other. However, the first step must be to make more
velocity profile measurements within the range where the jets merge in order to
increase the resolution of the measured merging distance.
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